The transmission characteristics of wire grid polarizers fabricated in finite apertures are investigated by using a three-dimensional finite-difference time-domain formulation. Specifically, the optical transmissivity and extinction ratio are characterized for a wide variety of geometrical parameters including aperture size in both dimensions, conducting wire fill factor, and polarizer thickness. A dispersive material model is used to investigate the performance of polarizers fabricated by using realistic metals at infrared wavelengths. The results indicate that the aperture dimension significantly impacts the polarizer transmission behavior and that the extinction of the unwanted polarization is often limited by depolarizing scattering that is due to the finite aperture size.
INTRODUCTION
Wire grid polarizers have long been recognized as an effective option for discriminating between orthogonal linear polarization states in the infrared portion of the electromagnetic spectrum. 1, 2 Such polarizers can be fabricated by placing conducting wires within an aperture formed in a larger opaque screen. When this aperture is electrically large, the device behavior is similar to that of a polarizer of infinite extent, and its performance can be accurately characterized by using simulation approaches such as rigorous coupled-wave analysis. [3] [4] [5] However, new fabrication technologies and applications that require small-aperture polarizers 6 and arrays of micropolarizers [7] [8] [9] have motivated the development of devices with electrically small apertures. In this case, alternative simulation techniques that model the finiteaperture extent must be explored for device characterization.
Some recent work has appeared on the subject of simulating finite-aperture diffractive devices. For example, the boundary element method has been shown to be effective in the analysis of finite-number-of-periods dielectric and finite-conductivity metallic grating structures, 10 diffractive optical lenses, [11] [12] [13] and other aperiodic structures. 14 Method-of-moments solution techniques have also been applied to lenslet analysis based on both rigorous surface 15 and volume 16 integral formulations for the fields. For two-dimensional (2-D) perfectly conducting gratings, spectral-domain mode-matching solutions appear to be effective. [17] [18] [19] While these studies have provided significant insight into the behavior of finite-extent diffractive devices, they have not focused on extending and applying such techniques to perform detailed analyses of finite-aperture wire grid polarizers.
In this paper we present a detailed characterization of wire grid polarizers placed in finite apertures. The analysis uses a three-dimensional (3-D) formulation of the finite-difference time-domain (FDTD) method because of its computational efficiency and geometrical and material modeling flexibility. [20] [21] [22] For specific cases the FDTD results are compared with data obtained from a 2-D spectral-domain mode-matching solution technique. 18, 19, 23, 24 Additionally, because many practical metals used for micropolarizer fabrication possess permittivities with negative real parts at infrared wavelengths, a dispersive FDTD method is implemented to assess the performance of devices fabricated with these materials. 25 These simulation tools are used to perform a systematic study of device performance for various geometrical and material configurations. The results indicate that the aperture size exercises a significant influence on the polarizer transmission behavior. The data further show that the polarizer extinction performance is often limited by depolarizing scattering that is due to finite-aperture effects.
GEOMETRY AND ANALYSIS
The problem under consideration is that of a plane wave impinging on a finite-sized aperture located in an otherwise infinite conducting plane of thickness D. As indicated in Fig. 1 , the aperture is periodically loaded with equal-sized conducting wires of width w and center-tocenter spacing ⌬x. The polarizer is assumed to be embedded in a homogeneous medium (free space for the computations in this paper), although the analysis used could be extended to allow for variations in the surrounding material parameters. For simplicity, the incident plane wave will be constrained to travel in the positive z direction. With this assumption the terminology x polarization and y polarization will be used to designate illuminating fields that contain electric field vectors polarized in the x direction and the y direction, respectively. Throughout this paper, all dimensions will be given in terms of the illumination free-space wavelength ().
A. Finite-Difference Time-Domain Method
The FDTD method is an excellent tool for analyzing the electromagnetic behavior of optical devices because of its modeling flexibility, implementation simplicity, and computational efficiency. [26] [27] [28] To introduce the plane-wave excitation with minimal distortion, the FDTD implementation uses a total field/scattered field boundary 21 for z Ͻ 0. The FDTD grid is truncated by using a perfectly matched layer (PML) absorbing boundary condition 29, 30 that is eight FDTD cells thick (0.40 thick given the FDTD cell size of 0.05). A buffer layer between the polarizer and the PML is also implemented to reduce corruption of the results due to artificial reflections from the absorbing boundary condition. The PML conductivities increase quadratically away from the computational domain, 29 with the profile chosen to achieve a reflection coefficient of 10 Ϫ5 . The polarizer ground plane extends into the PML layer to avoid unwanted leakage of the incident fields into the region z Ͼ D. Figure 2 illustrates the computational configuration along with all of the relevant dimensions used for the analysis.
The simulation is performed by introducing a normally incident single-frequency plane wave into the domain and allowing the simulation to proceed until the fields in the region reach a steady-state condition. The fields on a planar surface one FDTD cell beyond the polarizer output plane are then sampled over a complete sinusoidal temporal cycle. Because of the staggered placement of the vector field components in the standard FDTD grid, spatial averaging is used to place all tangential field components at the center of each cell. The sampled fields are then transformed to the frequency domain in preparation for postprocessing evaluations of the polarizer behavior.
Evaluating the polarizer transmissivity requires computing the real power transmitted through the device. This can be accomplished by integrating the frequencydomain sampled fields on the output plane to obtain farzone fields 21 and integrating the resulting Poynting vector on a hemispherical surface. Unfortunately, this process is computationally very costly and can be inaccurate if the sampling in the far zone is not adequately dense. An improved procedure is to directly integrate the Poynting vector from the electric (E) and magnetic (H) fields on the output sampling plane. When this approach is followed, the total power transmitted by the aperture is given as
where A ϭ L x L y is the aperture area and ẑ denotes a unit vector in the z direction. It should be recognized that any power contained in the evanescent field will be imaginary and therefore will not contribute to the value of P T . The transmissivity is then defined as the ratio of the transmitted power to the total power intercepted by the aperture, or
where 0 is the intrinsic wave impedance of the surrounding medium and E i is the incident plane-wave electric field intensity.
Because the integration plane is very close (one cell ϭ 0.05) to the polarizer, the fields are spatially localized near the aperture, implying that the integration needs to be performed over only a limited region. To ensure the accuracy of the integration used in this work, the value of P T computed for a large aperture (3.90 ϫ 3.90) was examined as a function of the size of this integration region for an x-polarized illuminating plane wave. This study showed that the computed power quickly converges as the integration domain is extended, with 99% of the power being captured by a region approximately 0.2 larger than the aperture.
B. Material Model
Most of the results presented in this paper assume that the conducting wires forming the polarizer are constructed of perfectly conducting materials. However, it is also useful to assess the effects on polarizer performance of real metals with finite conductivity. Interestingly, many practical metals used for thin-film wire fabrication, including aluminum, gold, and molybdenum, are characterized by a relative permittivity with a negative real part for infrared wavelengths. 31 Physically, this implies a material response that is 180°out of phase with the illuminating field. Computationally, however, this leads to instability in the FDTD simulations.
To allow FDTD analysis of these materials, a dispersive material model 25 has been extended for 3-D simulations and implemented for this study. In this approach, differential equations describing the temporal evolution of the polarization current J p and the polarization P L generated by the material are obtained by transforming the Lorentz material model from the frequency to the time domain. These equations are then coupled to Maxwell's equations and are discretized in the FDTD algorithm. Prior implementations of this technique placed the polarization quantities J p and P L at the center of the FDTD unit cell. 25 However, our observations reveal that this practice can lead to anomalous material responses that do not match reasonable physical behavior, particularly for weak transmitted field intensities. To avoid this difficulty, we have implemented the scheme by placing the vector components of J p and P L coincident with the electric field components in the standard FDTD grid.
RESULTS
In this section, we utilize the methodologies discussed in Section 2 to investigate the behavior of finite-aperture wire grid polarizers for different geometrical parameters. Convergence studies of the transmitted power versus the number of sinusoidal periods used in the FDTD simulations indicate that 10 and 20 cycles are required to achieve steady state for perfectly conducting and nonperfectly conducting polarizers, respectively. Throughout the discussion, we will use the following definitions:
where the subscripts on the transmissivity (T) denote the polarization of the illuminating field. In all of the results, the wire spacing is set to ⌬x ϭ 0.2. Unless otherwise noted, all reported transmissivity values are for an x-polarized illuminating field, since this is typically the parameter of interest in the design of practical devices (i.e., this represents the optical throughput of the polarizer if the transmissivity of the y-polarized light is very small in comparison). Also, except as noted in particular cases, the polarizer is constructed of a perfectly conducting material with a thickness of D ϭ 0.05 (see Fig. 1 ).
A. Effect of Aperture Dimension
To begin our study, we investigate the behavior of the polarizer transmission as a function of the aperture dimensions. Consider the results in Figs. 3(a) and 3(b) , which show the transmissivity and the extinction ratio, respectively, for a square aperture as a function of the aperture side length (L x ϭ L y ). Results for three different values of fill factor are provided. It is important to recognize that in these and other plots in the paper, the disjoint plot appearance stems from the fact that the aperture dimension is increased in increments of ⌬x ϭ 0.2. Several different observations can be made from the data shown in these plots. First, it is apparent that for aperture dimensions near /2, the transmissivity can actually be greater than unity as a result of the strong resonant behavior of the fields within the aperture ''cavity,'' confirming the result of prior studies. 18, 19 Since the transmissivity is defined as the ratio of the transmitted power to that intercepted by the aperture, this result physically means that energy in currents surrounding the aperture edge contributes to the transmitted radiation. Second, rather than quickly converging to a final value, both the transmissivity and the extinction ratio tend to oscillate as a function of the aperture size. These peaks occur when the aperture dimension is near an odd multiple of half-wavelengths, again suggesting a resonant behavior associated with the finite-aperture dimensions. Finally, as we may expect, the transmissivity decreases while the extinction ratio increases as the fill factor is increased. 32 However, it is noteworthy that the increase in extinction is not commensurate with the increase in fill factor from 50% to 75%. To explore this phenomenon more carefully, consider the plot in Fig. 4 , which shows the magnitude of the x-polarized electric field component of the transmitted field for a y-polarized illumination field. The aperture dimensions are L x ϭ L y ϭ 1.45 with a 75% fill factor. For this same configuration, the maximum value of the y-polarized field on the integration surface is 4 ϫ 10 Ϫ5 . These results imply that for low values of fill factor, T y is dominated by the y-polarized transmission, which decays rapidly with increasing fill factor. However, as the fill factor assumes larger values, T y is dominated by scattering into the x-polarized field that is due to finite-aperture effects. Because this scattering does not decrease significantly with increasing fill factor, this phenomenon becomes a limiting factor in the achievable extinction of the undesired polarization.
More insight can be gained concerning the effects of the aperture dimensions by studying the polarizer behavior while varying only L x or L y . Figures 5 and 6 illustrate the results when increasing the aperture in the y and x dimensions, respectively. In each case, the fixed dimension is chosen such that the aperture is square when the increasing dimension attains its largest value. For example, this leads to L x (L y ) ϭ 3.95, 3.90, and 3.85 for fill factors of 25%, 50%, and 75%, respectively, in Fig. 5  (6) .
Several additional conclusions can be drawn from the data in Figs. 5 and 6 . First, the oscillatory behavior is more pronounced in Fig. 5 than in Fig. 6 , implying that resonances in the dimension parallel to the wires are more influential than those in the dimension perpendicular to the wires. Second, both Figs. 5(b) and 6(b) confirm the trend that the increase in extinction ratio is not commensurate with the increase in fill factor. Finally, we observe in Fig. 6 (b) that for larger values of fill factor, the extinction tends to increase with aperture dimension. To explore this more fully, consider the plots in Fig. 7 , which depict the x-polarized transmitted field for a y-polarized illumination. The polarizer has a fill factor of 75% and L y ϭ 3.85. The data in Figs. 7(a) and 7(b) are for L x ϭ 1.05 and 3.85, respectively. In both cases, the y-polarized output field strengths are below 10 Ϫ3 , implying that the transmissivity is dominated by the x-polarized fields. The key observation from these plots is that strong values of cross-polarized fields occur principally in the grooves at the edges of the aperture. As the value of L x increases, the relative influence of these strong field values decreases, resulting in an overall decrease in the value of T y . This produces the increase in the extinction ratio observed in Fig. 6(b) .
As a final study of the effect of aperture dimension on polarizer behavior, it is interesting to compare the FDTD results with those from a 2-D (L y → ϱ) simulation procedure based on a spectral-domain mode-matching solution.
18,23 Figure 8 shows the variation of T x and the extinction ratio with increasing values of L x for the three different values of fill factor. Comparison of these results with those in Fig. 6 reveals that the two methods predict very similar behaviors, although there are notable discrepancies. First, the computations indicate that the FDTD method predicts slightly lower values of transmissivity. This can be explained by examining Fig. 5(a) , which shows that for the case used in Fig. 6 (L y at its maximum value), the transmissivity is slightly below its peak value. Second, it is interesting that the finite value of L y exercises some influence on the variation of T x with L x , as implied by the pronounced oscillations observed in Fig. 6(a) . Finally, the mode-matching solution does not predict the increase in extinction with aperture size, since this 2-D analysis does not allow for the depolarization ef- fects highlighted in Fig. 7 . This fact also accounts for the large increase in extinction observed in Fig. 8(b) when the fill factor increases from 50% to 75%.
B. Polarizer Thickness
All of the results shown above assume a polarizer thickness of D ϭ 0.05. However, in practical polarizer configurations, the wire aspect ratio (and therefore the thickness) is an issue that impacts both the performance 33 and the fabrication of the device. Indeed, intuition suggests that improved extinction can be obtained by increasing the conducting film thickness, since this should significantly reduce the transmissivity of the y polarization while only slightly modifying the transmissivity for the x polarization. Figure 9 shows the transmissivity and the extinction ratio for a square aperture with a fill factor of 50% for three different film thicknesses. Contrary to our hypothesis, however, the extinction ratio does not significantly increase with polarizer thickness. This is again due to the fact that the transmissivity T y is dominated by scattering into the x polarization and therefore does not drop off significantly with increasing D. Figure 10 (a) shows the extinction ratio for a 25% fill factor, illustrating that for cases where the value of T y is predominantly determined by the transmission of the y-polarized field, our hypothesis is confirmed. The results in Fig. 10(b) , which show the predictions from the 2-D mode-matching technique, further support this conclusion.
C. Polarizer Material
Because practical polȧ rizers are fabricated by using materials with finite conductivity, it is interesting to explore the impact of using realistic material models on the polarizer performance. In this case, however, only the wires are modeled by using the material parameters while the supporting ground plane remains perfectly conducting. This eliminates the transmission that would pass through a nonperfectly conducting ground plane and therefore produce ambiguous results when trying to assess the polarizer behavior. Table 1 shows the material parameters used in this study.
To assess the performance differences resulting from using these materials, we duplicate the results of Figs. 3 and 9 in Figs. 11 and 12 , respectively, when the wires are replaced with molybdenum. At once, we notice very similar behaviors in the optical throughout between the perfectly and nonperfectly conducting cases. However, the finite-conductivity model predicts lower extinction ratio values, consistent with the notion that some transmission passes directly through the wire material. Additionally, we note that there is a much larger increase in extinction when moving from 50% to 75% fill factor or from D ϭ 0.10 to 0.15 than what was observed for the perfectly conducting wires. This is due to the fact that transmission of the y-polarized field through the wires plays a significant role in the value of T y , and this value is reduced as the fill factor or the thickness is increased. Figure 13 shows the effect of using different material parameters on the transmissivity and the extinction ratio.
As can be seen, use of these materials exercises a noticeable impact on the polarizer performance.
D. Practical Implications
Many applications require both large extinction ratio and high optical throughput. Based on the above results, the extinction ratio can, in general, be augmented by increasing the fill factor, the thickness, or both, until reaching the limit imposed by cross-polarization scattering.
Cross-polarization scattering can in turn be reduced by increasing the polarizer aperture (within the constraints of application requirements). A high optical throughput is achieved with a low fill factor or, if the fill factor must be large, by decreasing the polarizer thickness. Both of these cases affect the optical throughput. Clearly, designing a wire grid polarizer for a particular application involves distinct trade-offs between the extinction ratio and the aperture size, and the extinction ratio and the optical throughput. Fabrication considerations impose additional constraints on wire grid polarizer design. For example, consider the use of microfabrication techniques to create a polarizer for the infrared or the visible portion of the spectrum. Minimum feature size limitations determine the maximum slit density and also affect the achievable fill factor, both of which in turn influence the extinction ratio. Whether the wires are formed with an etch 8, 32 or a lift-off process, wire aspect ratio considerations affect the selection of polarizer thickness. Hence wire grid polarizer design involves making careful trade-offs between application requirements and physical and fabrication constraints.
SUMMARY
This paper has provided a detailed examination of the transmission characteristics of finite-aperture wire grid polarizers. The basic analysis approach uses the FDTD electromagnetic simulation method, with supporting data derived from a 2-D spectral-domain mode-matching technique. The FDTD implementation allowed modeling of real metals whose permittivity is characterized by a negative real part. These analysis tools were used to investigate the device transmissivity and extinction ratio for a wide variety of geometrical and material configurations. The studies revealed that the aperture can exercise a significant influence on the device transmission behavior. Most notably, it was found that in many structures, the extinction of the undesired polarization is limited by depolarizing scattering. Additionally, we observed that in general the transmissivity decreases and the extinction ratio increases with increasing fill factor or thickness. This in turn leads to a trade-off between the achievable optical transmission and extinction ratio. Finally, it was shown that using realistic metal parameters for the polarizer wires reduces the extinction ratio but does not significantly impact the optical throughput. Directions for future research include examining the effects of fabricationrelated defects and nonuniformities such as sidewall roughness and fill factor variations.
